High-risk human papillomaviruses (HPVs) are associated with carcinomas of the cervix and other genital tumors. The HPV oncoprotein E6 is essential for oncogenic transformation. We identify here hADA3, human homologue of the yeast transcriptional coactivator yADA3, as a novel E6-interacting protein and a target of E6-induced degradation. hADA3 binds selectively to the high-risk HPV E6 proteins and only to immortalization-competent E6 mutants. hADA3 functions as a coactivator for p53-mediated transactivation by stabilizing p53 protein. Notably, three immortalizing E6 mutants that do not induce direct p53 degradation but do interact with hADA3 induced the abrogation of p53-mediated transactivation and G 1 cell cycle arrest after DNA damage, comparable to wild-type E6. These findings reveal a novel strategy of HPV E6-induced loss of p53 function that is independent of direct p53 degradation. Given the likely role of the evolutionarily conserved hADA3 in multiple coactivator complexes, inactivation of its function may allow E6 to perturb numerous cellular pathways during HPV oncogenesis.
Studies with viral oncogenes that induce dominant cellular transformation have led to the identification and elucidation of a number of biochemical pathways that are perturbed in human cancer (1, 56, 82) . One group of tumor viruses directly implicated in the pathogenesis of human cancer is the "highrisk" subgroup of human papillomaviruses (HPVs), exemplified by HPV type 16 (HPV16), which are thought to be causally linked to the development of Ͼ90% cases of cervical cancer (81, 82) . In vitro studies have defined two HPV oncogenes, E6 and E7, that are nearly always expressed in HPV-associated carcinomas and cell lines derived from them (5, 63) .
The ability of HPV E6 and/or E7 oncogenes to induce the immortalization of human epithelial cells in vitro has provided an invaluable tool to elucidate the mechanisms by which these oncogenes function (6, 30, 50, 73) . E6 and E7 are thought to alter the cell growth control mechanisms by inactivating key cellular regulatory proteins (as reviewed in references 81 and 82) . For example, E7 protein binds to and inactivates the function of the retinoblastoma tumor suppressor protein (14, 51) by targeting it for degradation via the ubiquitin-proteasome pathway (8, 25) . Similarly, E6 interacts with the p53 tumor suppressor protein through the ubiquitin ligase E6AP and targets it for degradation (6, 61, 73, 74) , leading to loss of p53-mediated cell cycle arrest and apoptotic responses to DNA damage (29, 44) .
While E6-induced loss of p53 function represents a critical element of E6-induced cellular transformation, recent studies have implicated a number of additional cellular targets of E6. Indeed, E6 is now known to directly interact with the calciumbinding protein ERC55 (E6BP, E6-binding protein) (10) , focal adhesion component paxillin (69) , tumor suppressor protein hDlg (the human homologue of the Drosophila disks large protein) (37, 42) , a protein that is required for both the initiation and elongation steps of chromosomal DNA replication Mcm7 (i.e., minichromosome maintenance protein 7) (39, 40) , transcriptional factor interferon regulatory factor-3 (IRF-3) (59), transcriptional factor c-myc (28) , the proapoptotic protein Bak (Bcl-2 homologous antagonist/killer) (67, 68) , the Rap-GTPase activating protein E6TP1 (E6 targeted protein 1) (19) , the transcriptional coactivator CBP/p300 (55, 80) , the tyrosine kinase Tyk2 (protein-tyrosine kinase 2) (45), the tumor suppressor protein hScrib (the human homologue of the Drosophila Scribble [Vartul] tumor suppressor protein) (52) , the PKC-related Rho-regulated serine-threonine kinase PKN (a novel protein kinase with a catalytic domain homologous to that of the protein kinase C) (20) , multi-PDZ-domain protein 1 (MUPP1) (43) , membrane-associated guanylate kinase protein (MAGI-1) (24) , and G-protein pathway suppressor 2 (Gps2) (13) . In addition to these direct E6 targets, E6 is now known to rapidly induce an increase in the cellular telomerase activity, and E6-immortalized cells exhibit increased telomerase activity (21, 38, 58, 66) . Thus, it is likely that the dominant transforming ability of E6 and other viral oncogenes reflects their ability to concurrently alter multiple cellular controls that ensure the untransformed state of a cell. Identification and characterization of E6 targets is therefore likely to contribute to our understanding of cellular tumor suppressor pathways.
In this study, we have used the yeast two-hybrid interaction system to identify a novel E6 target, hADA3. hADA3 is the human homologue of the yeast transcriptional coactivator yADA3 (alteration or deficiency in activation) (31, 60) . Genetic studies in yeast have identified ADA3 as a critical component of coactivator complexes that link transcriptional activators, bound to specific promoters, to histone acetylation and basal transcriptional machinery (as reviewed in reference 7). In yeast, ADA3 and its associated adaptor ADA2 are part of biochemical complexes that recruit GCN5 (i.e., general control nonrepressed 5), a histone acetyltransferase (HAT), to promoters (15, 32, 60, 71) .
We demonstrate here that hADA3 binds to the high-risk (cancer-associated) but not the low-risk (benign lesion-associated) HPV E6 proteins and to immortalization-competent but not the immortalization-defective HPV16 E6 mutants. Additionally, E6 induces a dramatic decrease in the levels of hADA3 protein. We demonstrate that hADA3 directly interacts with the p53 protein in vitro and in vivo. Furthermore, overexpression of hADA3 markedly enhances the p53-mediated sequence-specific transactivation of p53 target genes. Most significantly, the E6 mutants that are incapable of interacting with and targeting p53 for degradation inhibit the p53-mediated transactivation and G 1 cell cycle arrest. These results demonstrate that E6 inactivates the function of an evolutionarily conserved transcriptional coactivator and provide a second mechanism of E6-induced inhibition of p53 function independent of E6-induced p53 degradation. Given the strong likelihood that human ADA3, similar to its yeast counterpart, will function as a coactivator in multiple mammalian transcriptional pathways, the inactivation of ADA3 function by the high-risk HPV E6, and possibly by other viral oncoproteins, may represent a crucial part of the viral oncogenic strategy.
MATERIALS AND METHODS
Yeast two-hybrid constructs and screening. A Matchmaker two-hybrid "prey" cDNA library in pGAD10 vector was constructed from mRNA derived from a normal mammary epithelial cell line 76N (19, 20) by using a mixture of oligo(dT) and random hexanucleotide primers (custom made through Clontech, Palo Alto, Calif.). The library contained 1.5 ϫ 10 6 primary recombinants with an average insert size of 1.5 kb. The HPV16 E6 sequences encoding residues 2 to 158 were inserted into pGBT9 vector for use as a bait (19) . Yeast two-hybrid screening was performed as described previously (19, 20) . HPV16 E6-interacting proteins scoring positive by growth on Trp Ϫ , Leu Ϫ , and His Ϫ selection medium, as well as expression of ␤-galactosidase activity in comparison with a negative control bait pLam 5Ј (human lamin-Gal4 DNA-binding domain hybrid; Clontech), were processed further.
Cells and media. Saos-2 and U2OS osteosarcoma cell lines were grown in ␣-MEM (Life Technologies, Grand Island, N.Y.) supplemented with 10% fetal calf serum (HyClone, Logan, Utah). 293T cells were grown in Dulbecco modified Eagle medium (Life Technologies, Grand Island, N.Y.) supplemented with 10% fetal calf serum. Breast epithelial cell strain 76N and its immortal derivatives (76-E6, 76-F2V, 76-8S9A10T, and 76-Y54H) were grown in DFCI-1 medium as described previously (6, 8, 12, 47) .
Plasmid constructs. Full-length hADA3 and hADA2 were amplified from normal mammary gland cDNA (Clontech) by using the Advantage cDNA amplification kit and the following primers: ADA3-sense (ATGCGGCCGCCATG AGTGAGTTGAAAGACTGCCCC), ADA3-antisense (ATTCTAGACTACCC ATCCAGCAGCTTCAGGA), ADA2-sense (ATGCGGCCGCATGGCCCTTT TAGAAGCTGTGAT), and ADA2-antisense (ATGGATCCTTAGCCTTTAG TGATGTATCCTTCT). The PCR incorporated an N-terminal FLAG tag in ADA3, as well as in ADA2. The resultant PCR products were cloned in pCR3.1, a mammalian expression vector (Invitrogen), and their sequences were verified. A pCR3.1 construct encoding the untagged or FLAG-tagged wild-type human p53 was derived by subcloning the cDNA insert from pCMV-p53 (obtained from Bert Vogelstein, Johns Hopkins Medical Center) into pCR3.1 vector. GSThADA3(75-432) was constructed by subcloning the corresponding sequence from the original pGAD10 clone into pGEX-4T1 vector (Roche). GST-hADA2 and GST-hADA3 constructs in pGEX-4T1 encoding the complete polypeptides fused to glutathione S-transferase (GST), respectively, were derived by subcloning these inserts from pCR3.1 constructs or by using the PCR (for GST-p53). Histidine-tagged hADA3 was constructed by cloning the PCR-derived cDNA fragment in pEF-His vector (Invitrogen). GST-E6AP (amino acids [aa] 37 to 865) was obtained from Peter Howley (Harvard Medical School) (33, 34) . HPV16, HPV18, HPV11, HPV6 E6, the HPV16 E6 mutants in pSG5 vector used for in vitro translation, and GST-NES1 have been described previously (19, 46) . pEF-16E6-MYC, encoding Myc-tagged E6, was kindly provided by M. Ishibashi (Aichi Cancer Center, Aichi, Japan) (37) . GST-p300 (aa 300 to 528) was obtained from S. Grossman (Dana-Farber Cancer Institute, Harvard Medical School) (27) . The p53-responsive luciferase reporters incorporating the promoter elements of Bax, cyclin G, Gadd45, mdm2, and IGFBP-3 were obtained from Carol Prives (Columbia University, New York, N.Y.) and pG 13 and MG 15 reporters were provided by Wafik El-Diery (University of Pennsylvania) originally obtained from Bert Vogelstein (Johns Hopkins School of Medicine). The pEGFP-N1 construct was purchased from Clontech.
In vitro binding assays. The indicated 35 S-labeled proteins were generated from their pCR3.1 expression constructs by using a wheat germ lysate-based coupled in vitro transcription-translation system (TNT Wheat Germ Lysate System; Promega) in the presence of [ 35 S]cysteine or [ 35 S]methionine as described previously (19) . Aliquots of 35 S-labeled proteins were incubated with 1 g of GST or appropriate GST fusion proteins noncovalently bound to glutathione beads in 300 l of lysis buffer (100 mM Tris, pH 8.0; 100 mM NaCl; 0.5% Nonidet P-40) for 2 h at 4°C, and bound proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by fluorography.
In vivo association between hADA3 to 16E6. 293T cells were plated at 10 6 per 100-mm dish and transfected with 0.5 g of pCR3.1 construct, encoding the FLAG-tagged hADA3, and 2.5 g of pEF-myc-16E6, either alone or in combination, by the calcium phosphate method (6) . After 48 h, cell lysates were prepared in lysis buffer (100 mM Tris, pH 8.0; 100 mM NaCl; 0.5% NP-40; 1 mM phenylmethylsulfonyl fluoride). Lysates were precleared twice with protein Gagarose, and equal aliquots were used for immunoprecipitation with anti-FLAG antibody (M2; Sigma, St. Louis, Mo.), followed by immunoblotting with anti-myc (9E10) or anti-FLAG monoclonal antibodies. Enhanced chemiluminescence (ECL) was used for detection (Amersham, Piscataway, N.J.).
E6-induced degradation of hADA3. A total of 5 ϫ 10 5 293T cells per 100-mm dish were transfected with 0.5 g of pCR3.1-FLAG-hADA3, with or without the indicated amounts of pEF-myc-tagged HPV16 E6, by the calcium phosphate method. Five hundred nanograms of green fluorescent protein (GFP) DNA was cotransfected to assess the transfection efficiency. The total amount of DNA was held constant by adding vector DNA. Cell lysates were prepared after 48 h in 1ϫ sample buffer (50 mM Tris, pH 8.0; 2% SDS; 10% glycerol), and 30-g aliquots of lysate protein were immunoblotted with anti-FLAG antibody to detect ADA3 or with anti-myc antibody to detect the E6 protein. Parallel plates were used to isolate total RNA for Northern blotting of the introduced hADA3 and GFP (as a control) by using standard procedures (19) .
Pulse-chase analysis. A total of 5 ϫ 10 5 293T cells per 100-mm dish were cotransfected with 0. were immunoprecipitated with anti-hADA3 serum (generated against a peptide representing ADA3 residues 418 to 432 [Animal Pharm Services, Inc.]) and analyzed by SDS-PAGE, followed by fluorography.
In vitro E6-induced hADA3 degradation. p53, hADA3, HPV16 E6, and 6 E6 were translated in vitro in the presence of [ 35 S]cysteine (E6 proteins) or [ 35 S]methionine (hADA3 and p53) by using a rabbit reticulocyte lysate-based coupled transcription-translation system (TNT Rabbit Reticulocyte Lysate System; Promega) as suggested by the supplier. To assess degradation, 5-l aliquots of in vitro-translated 35 S-labeled hADA3 or p53 were incubated with 5 l of HPV16 E6, 6 E6, or water-primed (control) lysate. After 15 h at 30°C, the degradation reactions were terminated by adding sample buffer, and the proteins were resolved by SDS-PAGE and visualized by fluorography.
In vivo association between p53 and hADA3. A total of 5 ϫ 10 5 U2OS cell, expressing the endogenous wild-type p53 (2) were transfected with 2.5 g of pCR3.1-hADA3 or vector, by using the Fugene reagent, according to the supplier's instructions (Roche). After 48 h cell lysates were prepared, and 1-mg aliquots of cell lysate protein were precleared with protein G-agarose and subjected to immunoprecipitation with an anti-p53 antibody (ab-1; Oncogene Re-search). Immunoblotting for ADA3 was performed with a rabbit anti-ADA3 antiserum, followed by ECL detection.
To assess the association of p53 and hADA3 in 293T cells, 1 g of FLAG-p53 was transfected with or without 8 g of His-tagged hADA3 by the calcium phosphate method. At 48 h posttransfection, cells were lysed in binding buffer (50 mM Tris, pH 8.0; 100 mM NaCl; 0.5% Nonidet P-40), and 400 g of protein was incubated with His-Bind resin (Novagen) for 5 min at 4°C. Beads were washed five times with binding buffer, and bound proteins were eluted by boiling in sample buffer, followed by SDS-PAGE and immunoblotting with anti-FLAG antibody to detect p53. The membrane was reprobed with anti-His antibody (Santa Cruz) to assess the expression of hADA3.
p53-dependent transactivation of luciferase reporters. A total of 5 ϫ 10 5
Saos-2 cells (p53-negative osteosarcoma cell line) per 100-mm dish were transfected with various expression plasmids indicated in the figure legends, together with the indicated luciferase reporters. Each dish also received 20 ng of simian virus 40-Renilla luciferase reporter (pRL-SV40) to correct for differences in transfection. Total DNA was kept constant by adding the vector DNA. Luciferase activity was measured 24 h later by using a dual-luciferase kit (Promega). Analysis of cell cycle arrest after DNA damage. A total of 5 ϫ 10 5 cells per 100-mm-diameter dish of normal mammary epithelial cell strain 76N, E6-immortalized 76N (76-E6), E6-F2V mutant-immortalized 76N (76-F2V), E6-8S9A10T mutant-immortalized 76N (E6-8S9A10T), and E6-Y54H mutant-immortalized 76N (76-Y54H) were cultured in DFCI-1 medium for 48 h. Cells were then treated with 0.5 g of adriamycin/ml for 24 h to induce DNA damage. Cells were trypsinized, fixed in 70% ethanol, treated with RNase A (50 g/ml for 30 min at 37°C), and stained with propidium iodide (50 g/ml for 30 min). The cell cycle distribution was quantified by fluorescence-activated cell sorting (Coulter, Miami, Fla.).
RESULTS

Identification of hADA3 as a novel HPV16 E6-interacting protein.
As we have reported previously, screening of a mammary epithelial cell yeast two-hybrid library with HPV16 E6 as a bait identified 28 specific E6-interacting clones (out of 3.96 ϫ 10 6 screened) (19, 20) . Homology analysis by a gapped BLAST search of the NCBI database showed one clone (clone 36) to correspond to residues 75 to 432 of the 432-aa human ADA3 (53) . Human ADA3 is evolutionarily conserved, with significant homology with yeast and Drosophila ADA3 (53) .
Expression pattern of hADA3. To verify that hADA3 corresponds to an expressed human gene and to assess its expression, we performed Northern blotting of total RNA from normal, immortal, and tumor cell lines, as well as in multiple human tissues by using multiple tissue RNA blots (Clontech). One major transcript of approximately 1.3 kb was observed in all tissues and in vitro established cell lines tested, although the levels varied in different tissues (Fig. 1) . These results indicated that the novel E6 target hADA3 indeed represented the product of a transcribed human gene.
High-risk but not low-risk E6 proteins bind hADA3 protein in vitro. To further confirm the interaction between E6 proteins and hADA3 identified by the yeast two-hybrid approach, we assessed the binding of in vitro-translated 35 S-labeled HPV16, HPV18, HPV6, or HPV11 E6 polypeptides to GST-ADA3 (hADA3 aa 75 to 432 fused to the C terminus of GST). As expected, substantial binding of HPV16 and HPV18 "highrisk" E6 proteins to GST-E6AP (aa 37 to 865, used as a positive control) (34) , but little binding of HPV6 or HPV11 "low-risk" E6 proteins, was observed. GST alone and GST-NES1 (46), used as negative controls, showed no binding. Importantly, similar to GST-E6AP, GST-hADA3 showed substantial binding to high-risk HPV (HPV16 and HPV18) E6 proteins, whereas little binding was seen to low-risk HPV (6 and 11) E6 proteins ( Fig. 2A, upper panel) . Coomassie blue staining of the gel confirmed the presence of respective GST fusion proteins in binding reactions ( Fig. 2A, lower panel) . Thus, similar to E6AP, hADA3 selectively interacts with highrisk HPV E6 proteins.
HPV16 E6 protein binds to hADA3 protein in vivo. To assess whether E6-hADA3 interaction can take place in mammalian cells in vivo, 293T cells were transfected with plasmids encoding FLAG-tagged hADA3 and myc-tagged HPV16 E6. The hADA3 protein was immunoprecipitated with an anti-FLAG antibody, and coimmunoprecipitated E6 was detected by antimyc immunoblotting. As expected, no E6 protein was detected were probed with a 32 Plabeled 1.3-kb hADA3 cDNA probe, followed by autoradiography. Hybridization with the 36B4 probe was used as a loading control. The arrows point to the major 1.3-kb transcript, which is seen at various levels in all cell lines and tissues. Immortalizing but not the nonimmortalizing E6 mutants bind hADA3. We previously characterized a large panel of HPV16 E6 mutants, and the binding of these mutants to E6AP, E6BP, p53, and E6TP1 has been well defined (12, 21, 47) . We utilized these mutants to determine whether a correlation existed between their ability to bind to ADA3 and their known behavior as immortalizing or nonimmortalizing proteins in mammary epithelial cells (12, 21, 47) . Binding was assessed in an in vitro assay by using GST-hADA3 fusion protein and in vitro-translated [ 35 S]cysteine-labeled E6 proteins (19, 20) . These results demonstrated that, similar to wildtype E6, those E6 mutants that are known to induce the immortalization of mammary epithelial cells (MEGs), were able to bind to hADA3 (Fig. 3A, left panel) . In contrast, none of the E6 mutants that are deficient in mammary epithelial cell immortalization showed binding to hADA3 over background (Fig. 3A, right panel) . Figure 3B shows the presence of GST fusion proteins in the binding reactions, as assessed by Coomassie blue staining. These results show that binding to hADA3 strongly correlates with the ability of HPV16 E6 to immortalize epithelial cells.
Loss of hADA3 protein upon coexpression of HPV16 E6. Among the previously identified E6-binding proteins, p53 (via E6AP), hMCM7, Bak, E6TP1, Vartul, hDlg, and Gps2 (13, 19, 33, 34, 39, 40, 49, 52, 61, 68) are known to be targeted for ubiquitin-dependent proteasome-mediated degradation, whereas ERC55, paxillin, IRF-3, p300, and PKN are not destabilized (10, 20, 55, 59, 69, 80) . To begin to assess whether E6 may target hADA3 for degradation, FLAG-tagged hADA3 in pCR3.1 vector and increasing amounts of myc-tagged HPV16 E6 in pEF vector were transiently expressed in 293T cells. Due to the unavailability of blotting anti-E6 antibodies, a myctagged E6 was used. Cell lysates after transfection were subjected to immunoblotting with anti-FLAG to detect hADA3 and anti-myc to detect myc-tagged E6. Significantly, coexpression of HPV16 E6 protein dose dependently reduced the level of hADA3 protein (Fig. 4A, lanes 1 to 5) . Parallel plates of transfected cells from the experiment shown in Fig. 4A were used to isolate total RNA and subjected to Northern blotting with 1.3-kb hADA3 cDNA as a probe. These analyses showed the hADA3 mRNA levels to be invariant upon cotransfection with E6 (Fig. 4B) , a finding consistent with E6-induced loss of hADA3 protein via degradation. The levels of GFP mRNA and protein, used as a transfection efficiency control, showed no change ( Fig. 4A and B) . Due to the unavailability of antibodies that recognize endogenous hADA3 protein, we transfected 293T cells with hADA3 alone or together with HPV16 E6 to determine hADA3 protein stability. Transfected cells were pulse-labeled with [ 35 S]methionine and [ 35 S]cysteine, followed by a chase for various time periods. Anti-ADA3 immunoprecipitates of these lysates were subjected to fluorography. As seen in Fig. 4C (a representative autoradiogram) and D (data plotted from three independent experiments), hADA3 turnover was substantially faster, compared to controls, in cells cotransfected with E6. Furthermore, treatment of transfected cells with proteasome inhibitor MG132 (8, 25) resulted in substantial inhibition of E6-induced loss of hADA3 protein (Fig. 4E, lane 4, versus lane 3) . Taken together, these findings strongly support the conclusion that in vivo interaction with E6 leads to hADA3 degradation. Notably, the presence of 16 E6 did not enhance the degradation of hADA3 in vitro under conditions in which p53 was clearly degraded (Fig. 4F) . These results suggest that certain factors that are only present in human cells but not in the rabbit reticulocyte lysates are required for E6-induced degradation of hADA3.
hADA3 interacts with p53 protein in vitro. In view of the selective interaction of immortalizing HPV E6 proteins with hADA3 and E6-induced hADA3 degradation, it became evident that E6 may inhibit hADA3 function as part of its oncogenic process. However, the function(s) of human ADA3 has not been described, although its ability to assemble into ADAlike multiprotein complexes in mammalian cells (53) suggested that it could function as a transcriptional coactivator, as does its yeast homologue (7) . Of direct relevance to E6-mediated epithelial cell immortalization, which involves a critical role for inactivation of p53 function (12), we investigated the possibility that hADA3 may function as a p53 coactivator and that its interaction with E6 may provide an additional mechanism for E6-induced loss of p53 function. This idea was consistent with previous observations that the human p53 transactivation domain fused to the Gal4 DNA-binding domain was transcriptionally competent in yeast and that this transactivation function required yADA3 (9) .
As a first step, we sought to determine whether hADA3 might directly interact with human p53 in a way analogous to the physical interaction of yADA3 with transcriptional activators for which it functions as a coactivator (9) . Therefore, we assessed the binding of in vitro-translated 35 labeled p53 to GST-hADA3. As expected, p53 showed substantial binding to GST-p300 (aa 300 to 528, used as a positive control). GST alone or GST-NES1, used as negative controls, showed no binding. Importantly, p53 showed clear binding to GST-hADA3, similar to its binding to GST-p300 (Fig. 5A) . Thus, p53 and hADA3 directly interact with each other. p53 protein associates with hADA3 protein in vivo. Given the direct in vitro binding between hADA3 and p53 (Fig. 5A) , we examined whether these proteins associate in vivo by using two different cell types. First, p53-positive U2OS osteosarcoma cells (2) were transfected with pCR3.1 vector or pCR3.1-hADA3, and cell lysates were subjected to anti-p53 immunoprecipitations, followed by immunoblotting with a rabbit anti-ADA3 antiserum to detect p53-associated hADA3. hADA3 was clearly coimmunoprecipitated with endogenous p53 in hADA3-transfected U2OS cells (Fig. 5B, lane 4) . In another experiment, we cotransfected hADA3 in pEF-His vector and FLAG-tagged p53 in pCR3.1 vector in 293T cells, affinity isolated hADA3 on His-Bind resin, and assessed the presence of associated FLAG-p53 by using anti-FLAG immunoblotting. As with endogenous p53 (above), a clear association between exogenously expressed p53 and ADA3 was seen (Fig. 5C) .
Immunoblotting of whole-cell lysates showed the expected ex- pression of proteins. These results clearly demonstrate that hADA3 and p53 associate in vivo.
hADA3 enhances the p53-dependent transactivation of a p53-consensus site containing reporters. Given the direct interaction of hADA3 with p53 and its assembly into chromatinassociated complexes bound to p53 target promoters, we sought to determine whether hADA3 indeed functions as a coactivator for p53. For this purpose, p53-negative Saos-2 cells were cotransfected with a fixed amount of pCR3.1 constructs of p53 and increasing amounts of hADA3, together with either pG 13 -luciferase (a p53-responsive reporter containing 13 repeats of a consensus p53-binding site upstream of firefly luciferase) (36) or Bax-luciferase (the promoter of p53-responsive gene cloned upstream of luciferase) (18) . Luciferase activity was quantified in cell lysates 24 h posttransfection. Consistent with previously published results (36), little luciferase activity was observed in vector-transfected cells, with about a 100-fold increase in pG 13 -luciferase activity (Fig. 6A) and a 4-fold increase in Bax-luciferase activity (Fig. 6B) upon cotransfection with p53. Significantly, cotransfection of hADA3 dose dependently increased the activity of both reporters ( Fig. 6A and B) . No activity was observed when hADA3 was transfected without p53, demonstrating that the hADA3-induced increase in transactivation was p53 dependent (Fig. 6) . Notably, Western blot analysis of cell lysates used in luciferase assay showed an hADA3 dose-dependent increase in p53 protein levels. These data suggest that, similar to other coactivators such as p300 (26, 27) , hADA3 coactivator function may also involve stabilization of p53 protein. No transactivation of MG 15 -luciferase (containing a mutated p53-binding consensus and used as a negative control) (36) was seen upon transfection with p53 or p53 together with hADA3 (data not shown). We further confirmed the ability of hADA3 to enhance the p53-mediated transactivation by using luciferase reporters linked to promoters of several p53 target genes such as GADD45, IGFBP3, cyclin G, and mdm2 (57) . In each case, hADA3 enhanced the p53-mediated transactivation of the reporters, whereas no transactivation was observed when hADA3 alone was transfected (Fig. 6C) . Similar to Fig. 6A and B, cotransfection of hADA3 with p53 increased the levels of p53 protein (bottom panel). Taken together, these results clearly demonstrate that hADA3 functions as a coactivator for p53-dependent transactivation in mammalian cells.
HPV16 E6 inhibits the coactivator function of hADA3. Given the ability of E6 to interact with and induce the degradation of hADA3, we examined whether E6 inhibits the coactivator function of hADA3. Since E6 is known to target p53 protein for ubiquitin-dependent proteasome-mediated degradation (48), wild-type E6 alone could not be employed in these experiments. However, we and others have previously characterized three E6 mutants-F2V, 8S9A10T, and Y54H-that do not induce degradation of p53 but do induce cellular immortalization (12, 17, 38, 47) (Fig. 7, lower panel) . Our binding experiments (Fig. 3 ) indicated that these mutants were competent at binding to hADA3, thus providing reagents to assess E6-induced perturbation of ADA3 function in the context of p53 transactivation. Saos-2 cells were transfected with pCR3.1 constructs of p53, hADA3, wild-type E6, or E6 mutants individually or in combination, as indicated, together with a Baxluciferase reporter (Fig. 7) . As expected, hADA3 significantly 5 U2OS cells were transfected with 2.5 g of pCR3.1 vector or pCR3.1-hADA3 by using the Fugene reagent. After 48 h, 1-mg aliquots of cell lysate proteins were subjected to anti-p53 immunoprecipitation (I.P.) and immunoblotted (I.B.) with an antihADA3 serum (lanes 3 and 4) . Whole-cell lysates (50 g) were directly blotted with anti-hADA3 serum (lanes 1 and 2) to assess the expression of hADA3. (C) In vivo association between transfected p53 and hADA3. A total of 10 6 293T cells were transfected with 1 g of FLAG-p53 and 8.0 g of His-tagged hADA3 alone or in combination. At 40 h after transfection, the cells were lysed in binding buffer, and 400-g aliquots of lysates were allowed to bind with His-Bind resin (Novagen). The bead-bound proteins were subjected to SDS-PAGE, followed by anti-FLAG immunoblotting to detect transfected p53 (upper panel, lanes 4 to 6). The membrane was reprobed with an anti-His antibody to assess the levels of hADA3 (lower panel, lanes 4 to 6). The cell lysate (lanes 1 to 3) represents 40-g aliquots of lysate protein. . Neither hADA3 nor E6 or its mutants induced the luciferase activity on their own (Fig. 7,  lanes 9 to 14) . Cotransfection of wild-type E6 markedly inhibited the hADA3/p53-mediated transactivation (Fig. 7, lane 4) , as expected. Importantly, each of the E6 mutants that do not directly interact with p53 was able to induce a marked decrease in the level of luciferase activity induced by cotransfection of p53 and ADA3 (Fig. 7, lanes 5 to 7) . Significantly, the ⌬9-13 E6 mutant, which does not bind to hADA3, was incapable of inhibiting hADA3/p53-dependent transactivation (Fig. 7, lane  8) . The ability of E6 and its mutants to abrogate hADA3 function was accompanied by the expected reduction in hADA3 levels (Fig. 7, bottom panel) . These results clearly demonstrate that interaction of E6 with hADA3 abrogates its coactivator function. Based on the results presented above, we sought to determine whether the E6 mutants examined above compromised the p53 function. For this purpose, we assessed the ability of the DNA-damaging agent adriamycin to induce G 1 cell cycle arrest in mammary epithelial cells stably expressing E6 mutants (8S9A10T, F2V, and Y54H) compared to wild-type E6-immortalized MECs and parental normal MECs (76N). As expected, adriamycin treatment of normal MECs led to G 1 cell cycle arrest (an increase in the G 1 /S ratio from 4.4 to 11.4) (Fig. 8) . Wild-type E6-immortal cells showed complete abrogation of G 1 arrest (a clear decrease in G 1 /S ratio from 4.2 to 0.2). Importantly, cells immortalized with these three E6 mutants behaved similarly to wild-type E6-immortalized cells in that the G 1 cell cycle arrest response was disrupted. Taken together, these results suggest that E6 can abrogate p53 function by a mechanism that does not involve direct E6-dependent p53 degradation.
DISCUSSION
Increasing evidence supports the concept that many viral transforming proteins induce oncogenesis by interacting with and perturbing the function of key cellular proteins involved in the maintenance of normal cellular behavior. Importantly, many of the viral oncogene targets have been demonstrated to play key roles in human cancer, thus providing a clear rationale for searching for new targets of viral oncoproteins. As an example, the HPV oncoprotein E6 abolishes the function of p53 tumor suppressor protein, whose mutations or deletions constitute the single most frequent genetic lesion in human malignancies (as reviewed in references 44 and 57).
We have identified here human ADA3, a homologue of the yeast ADA3 transcriptional coactivator, as a novel HPV E6 target. We demonstrate that ADA3 functions as a coactivator for p53-dependent transcriptional activation, a conclusion consistent with findings reported while this study was in preparation (this report and reference 72). Importantly, we demonstrate that E6 abrogates the coactivator function of hADA3. Given the evolutionary conservation of ADA3 structure and function from yeast to humans and the likelihood that hADA3 will provide coactivator function for a number of transcriptional activators, we suggest that abrogation of hADA3 function by HPV E6 represents an important element of E6-induced oncogenic transformation. A number of observations discussed below support this view.
We demonstrate that the high-risk (cancer-associated) but not the low-risk (benign lesion-associated) HPV E6 proteins bind to hADA3. Furthermore, all of the immortalization-competent but none of the immortalization-defective HPV16 E6 mutants were able to interact with hADA3. This tight correlation between hADA3 binding and immortalizing ability of E6 mutants is remarkable. Notably, the immortalizing E6 mutants that bound to ADA3 included three examples (F2V, Y54H, and 8S9A10T) that are known to be defective in inducing the degradation of p53 (12, 17, 38, 47) . Finally, recent studies have demonstrated that a prominent mechanism by which E6 abrogates the function of cellular regulatory proteins is by targeting them for ubiquitin-dependent degradation (19, 33, 34, 39, 49, 61, 68) . As we and others have shown, degradation of these targets, such as p53, strongly correlates with the immortalizing ability of E6 (12, 17) . We show here that interaction with E6 also targets hADA3 for degradation. The mechanism of hADA3 degradation appears to be distinct from that of E6-induced p53 degradation since E6 did not target hADA3 for degradation in vitro, whereas clear degradation of p53 was observed under these conditions. Interestingly, these results are reminiscent of another E6-binding protein Gps2, which also undergoes E6-induced degradation in vivo but not in vitro (13) . Furthermore, we and others have reported earlier that HPV oncoprotein E7 induces the degradation of retinoblastoma protein in vivo; however, no degradation was observed under in vitro conditions (8, 25) . It remains possible that in vitro degradation conditions vary for different proteins. Further studies should identify whether E6 partner E6AP or another ubiquitin ligase is involved in hADA3 degradation. Collectively, these results, together with the fact that hADA3 functions as a coactivator for the tumor suppressor protein p53, strongly support a likely role for E6-hADA3 interaction in E6-dependent oncogenic transformation.
Our findings have important implications for strategies used by viral oncogenes, such as E6, to abrogate p53 function. Previously, E6-induced p53 degradation has been well defined as an important mechanism to inactivate p53 function (12, 48) . E6 has also been shown to interact with p300 and inhibit its coactivator function for p53 (55, 80) . We show that E6 mutants, which are incapable of inducing p53 degradation, are nonetheless capable of inactivating hADA3 function. These mutants are also able to inhibit p53-dependent transactivation and disrupt p53-mediated G 1 cell cycle arrest after DNA damage. Thus, our results identify a third potential mechanism by which E6 oncoprotein can inhibit p53 function. Relatively little is known about hADA3 functions in mammalian systems except for its ability to function as a p53 coactivator (72) . In yeast, ADA3 forms a complex with ADA2 and GCN5 HAT, which interacts with ADA2 (32). This trimolecular complex is crucial for a variety of transcriptional pathways in yeast. Importantly, the heterologous reconstitution analyses that identified the requirement of yeast ADA3 for p53 transactivation domain function in yeast also demonstrated a crucial role for ADA2 and GCN5 (9) , indicating that this complex likely functions as a unit (65) . Relatively little is known about the mammalian ADA complex. However, hADA3, when transfected in HeLa cells, was found to be part of a multiprotein complex that included hADA2, hGCN5, and the closely related gene product P/CAF, suggesting that mammalian cells likely assemble hADA3 into complexes that may be similar, if not identical, to those characterized at length in yeast (53 (62, 64, 77) . Furthermore, hADA3 itself interacts with p300 (72) , suggesting that hADA3 may participate in multiple complexes with distinct HAT proteins in mammalian cells. It will be of obvious importance to explore whether E6 targets the various hADA3-containing complexes equally or in a selective manner. Genetic studies in yeast have also demonstrated a crucial role of ADA complex in the transactivation function of mammalian nuclear hormone receptors such as glucocorticoid receptor, retinoid receptors, estrogen receptor, and thyroid hormone receptor (3, 31, 70) . If mammalian ADA complex is also found to participate in nuclear hormone function, as is likely, then E6-mediated loss of hADA3 function could perturb these key transactivation pathways involved in cell growth regulation and differentiation. Studies to address such a possibility are currently under way in our laboratory.
A key to coactivator function is the ability of these proteins to directly interact with transcriptional activators and facilitate their sequence-specific transcription by interacting with basal transcriptional machinery and by recruiting HAT machinery (16, 54, 75) . We demonstrated, both in vitro and in vivo, that hADA3 interacts with p53 and that hADA3 functions as a coactivator of p53-mediated transactivation of a variety of target promoters, as well as a consensus p53-binding site linked to a reporter. Interestingly, we found that hADA3 dose dependently stabilized the p53 protein, suggesting that increase in p53 levels may contribute to hADA3 coactivator function. Interestingly, p300 has also been shown to stabilize p53 by interfering with mdm2 interaction with p53 (27, 35) . Future studies should determine whether mdm2 plays any role in ADA3-mediated stabilization of p53. Since there are other coactivators for p53, and each coactivator can function in the context of multiple transactivators, the precise role of ADA3 versus other coactivators for p53-mediated physiological functions will require additional studies. Indeed, there are conflicting reports on how critical p300 and CBP coactivators are for p53 function, and knockout mice with individual deletions of these coactivators show distinct phenotypes (4, 26, 41, 78, 79) . Notably, recent analyses showed that knockouts of P/CAF and hGCN5, which are highly related, also have vastly different phenotypes (76) .
Our results, identifying the evolutionarily conserved hADA3 as a target of E6 protein, together with recent studies, suggest that inactivation of coactivator function may be a critical viral oncogenic strategy and that coactivators may contribute to cellular tumor suppressor mechanisms. For example, high-risk HPV E6 oncoproteins, E1A, and polyomavirus large T bind to and inactivate p300 function (11, 55, 77, 80) . Recent studies have demonstrated that although mice lacking both copies of p300-related CBP coactivator are embryonically lethal, CBP ϩ/Ϫ mice are cancer prone (41, 78) . Notably, alterations or mutations of p300 have been observed in human leukemia and in colorectal, breast, and pancreatic cancers (22, 23) . Further studies are warranted to directly define the role of hADA3 and other virally targeted coactivators in human oncogenesis.
In conclusion, we identified hADA3 as a novel cellular target of the high-risk HPV E6 oncoproteins and we demonstrated that E6 abrogates the coactivator function of hADA3. We identified p53 as a target of hADA3 coactivator function, leading us to conclude that abrogation of hADA3 function provides an additional strategy for HPV E6 to inactivate p53 
